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INTRODUCTION
The future of commercial and military aviation will depend on composite material and fly-by-wire electronic technologies. For commercial aircraft the trend in going composite has been for economical reason while for military the demand for fast maneuvering aircraft that has motivated the need for carbon fiber composites (CFC) airframe structures. However, composite material presents difficulties in lightning protection to effectively dissipate electrical charges and currents from the airframe structures due to its aluminum) [1] . Metallic coatings are embedded into the CFC to improve the conductivity of the material. Despite the improvement in using conductive fillers or microgrid or nanostrand conductive meshes integrated into the carbon composite materials and even conductive paints, it does not completely shield off electromagnetic interference (EMI) due to lightning radiated electromagnetic pulses (LEMPs). That is, when lightning generated electromagnetic waves strike the surface of an aircraft, free electrons are be generated, resulting in generation of surface currents [2] . The currents transmit electromagnetic energy, which for a CFC airframe, the energy is temporarily entrapped on the surface. The slower decay of the aircraft surface current is influenced by the CR time constant with the CFC aircraft having a large R. Note, C and R are the respective capacitance and resistance of the aircraft per unit length. Thus, airframes of carbon fiber/ epoxy composites can be damaged, particularly at the entry and or exit points of a lightning direct strike, since they absorb the lightning induced voltage and currents instead of conducting and dissipating it. Further, the magnitudes of peak current and voltage induced is capable of inducing a higher electric fields along the surface since the rise time of the transient is short. This can have severe effects on the aircraft electrical and electronics systems [3, 4] .
In this paper, we apply the self-contained transmission line model [5] to study the direct impact of lightning strike on commercial and military aircraft of both CFC and metallic (aluminum) structures and compare effects of the return stroke current parameters and the voltage induced. The four specific effects of lightning current considered paramount in producing damage [3, 4] are: (1) the peak current, (2) the maximum rate of change of current, (3) the integral of the current over time (i.e., the electric charge transferred) which is responsible for the mechanical force and the heating effects, and (4) the integral of the current squared over time, the "action integral," which is responsible for the melting effects. Current is the primary source of thermal and mechanical damages caused by lightning. The high rate of change of current di/dt (where i is current) through an electrical system will give rise to high voltage drops (v=Ldi/dt) where L is the inductance of the aircraft). For aircraft electrical components with inductive impedance, such as cabling in electronics systems or electrical connections on printed circuit boards, the peak voltage is proportional to the time derivative of the current. Similarly, large rate of rise of voltage can result in high currents in capacitive components (i=Cdv/dt) where C is the capacitance of the aircraft [5] ) within the electrical network.
II. TRANSMISSION LINE MODEL LIGHTNING-AIRCRAFT

ELECTRODYNAMICS
The transmission line model understudy gives the lightning-aircraft electrodynamics for the A380 airbus and the F16 aircraft. The electromagnetic justification [6] and the experimental validation [5] for the long transmission line model (TLM) have already been reported. Each of the two aircraft (A380 and F16) model is discussed separately in the following subsections.
A. Transmission Model: A380 Airbus and Lightning Channel
The model adopted in the study is the well attested long transmission line model [5] . The long transmission line model (TLM) is used in modeling the lightning channel through ionized air between a negatively charged cloud center and aircraft, and the aircraft and a positively charged cloud center as illustrated in the schematic in Figure 1 . The aircraft too is represented by a transmission line with the resistance, inductance and capacitance calculated for the aircraft [7] . This situation represents both the CC and IC scenario. The strike path comprises several segments of pi-network each representing the lightning channel from negative polarity of the first cloud cell connecting the tip of the right through the mid fuselage connecting the positive polarity of the second cloud cell via the tip of the left wing. A circuit model is depicted in Figure 2 with the stroke point located at the positively charged cloud cell. Further, the cloud capacitance is modelled as a spherical gassuian surface with radius of 200 m. The model as discussed in [7] explores the lightning channel discharge process of the electric charges within the clouds. It simulates for lightning initiated in a thunderstorm cloud at a height of 1000 m and the aircraft at an altitude of 1000 m. The two oppositely charged clouds are at a distance of 1000 m from the extremities of the aircraft (the rudder tip and the radome, or from left wing tip to right wing tip) as illustrated in Figure 2 . In order for uniformity of the TLM segments, the two lightning channels of 1000 m are subdivided into ʌ-segments of 50 m each to match that of the aircraft. The RLC circuit parameters of the lightning channel are adopted from [5, 6] . The aircraft RLC circuit parameters are computed based on the aircraft geometry and the airframe material properties. The aircraft capacitance is computed based on the three-dimensional dipole analysis and the coefficient of potential of the dipoles orientation on the aircraft surface as discussed in [7] . A model of an Airbus A380 aircraft is used with the specified dimensions [8] . The ʌ segment parameters for the lightning channel are determined from the lightning channel parameters as discussed in [7] . The aircraft segment inductance is determined from [1] for metallic and CFC airframe airframes. The capacitance is determined from the position of the aircraft basing on the coefficients of potential of the lightning cloud charge and the aircraft charge geometries and their images [7] . For an aircraft at 1000 m altitude, the capacitance is 2.645 x 10 -11 F/m. The aircraft resistance was calculated based on the A380 airbus fuselage material used and the structural geometry as shown in Figure  3 . The resistance is calculated for both aluminum and CFC airframes using the conductivities of both materials. The fuselage skin wall thickness is 4 mm which is taken to be similar to the skin wall thickness used in Boeing 747 aircraft [9] . Applying the general equation for resistance (R=Ul/A), the resistance values for aluminum and CFC structures for an A380 airbus are 5.465 x 10 -5 and 0.0226 ȍ/m respectively. Figure 4 shows an F16 military aircraft dimensions viewed from different angles of elevations and the scenario under study with an F16 fighter aircraft in between two oppositely charged clouds. The fuselage length of the F16 aircraft is 15.03 m and the fuselage is about 2 m in diameter [9] . The tips of the aircraft (the nose boom and the rudder) are each at a distance of 1000 m away from the two charged clouds. The F16 aircraft is at an altitude of 1000 m at equal altitude with the two cloud cells. The aircraft segment inductance and capacitance are the same as for the A380 airbus. The aircraft resistance was calculated based on the F16 aircraft fuselage material and the structural geometry. The skin wall thickness for the military F16 aircraft is assumed to be 4 mm [9] in thickness, similar to that for the A380 airbus. 
B. Transmission Line Model: F16 and Lightning Channel
III. SIMULATION CASE STUDIES
A. Transmission Line Modeling of the F16 and Channel
The TLM network is used to simulate a cloud-to-cloud flash initiated from the negative cloud charge cell at -50 MV through the aircraft fuselage to a +50 MV positively charged cloud cell. From the stroke point (at the right wing tip), through the aircraft raised to cloud potential, a bidirectional leader propagates from the aircraft right and left wings structures linking both charged clouds. Figures 5 to 10 show the voltage and current transients as well as their derivatives over the aircraft surface for both the metallic and CFC airframe structures. Table 1 gives a summary of the various first return stroke current parameters for an A380 airbus of metallic and CFC structures.
The current along the aircraft for both airframe structures reach high peaks of 58.7 kA and 57.12 kA for metallic and CFC airframes respectively. The overshoot in the current along the metallic airframe is due to the low resistance of the material to damp out oscillation in the current. The peak currents exceed the 50% of the statistically measured and modelled values of 30 kA and 32 kA [12] but fall within the 5 % of the modelled and measured values of 80 kA [4, 12, 13] . In the standardized ABCD current waveforms as discussed in [13] , the first return stroke current peaks are expected to be within the peak value of 200 kA. Note that the peak current of 200 kA represents a peak of a severe stroke that rarely occurs in cloud to ground (CG) flashes. While peak current of 200 kA may be practically considered a maximum current value. In rare cases, currents as high as 500 kA have been reported [12] . Both metallic and CFC current waveforms possess fast fronts reaching peaks within a period of 4.31 ȝs and 4.47 ȝs for metallic and CFC airframes respectively (Fig.  5) . The front zero to peak durations of 1.034 ȝs for metallic airframe and 1.06 ȝs for CFC airframe (Fig. 5) both fall within the 95% and 50% frequencies of the statistical tabulated values of 1.1 ȝs and 5.5 ȝs respectively [4, 12, 13] . The rate of rise from 10% to 90 % of the peak values are 70.28 x 10 9 A/s for metallic airframe and 66.6 x 10 9 A/s for CFC airframe. From Table 1 , the peak rate of rise from zero to peak time is 13.62 x 10 9 for metallic airframe and 12.8 x 10 9 A/s for CFC airframe. From Figure 6 , it is seen that the current derivatives reach peak values of 92 x 10 9 A/s for metallic airframe and 85.5 x 10 9 A/s for CFC airframe. The values of the rate of rise and the peak rate of rise all fall within maximum statistical values of 50% of the measured and modelled values of 100 kA/ȝs [4, 12, 13] . The difference here is that what may be abnormal values for CG flashes may be routine values for CC or IC flashes to aircraft.
Further, the current waveforms of Figure 5 indicate a delay of about 2.48 ȝs prior to the lightning attachment. The delay time is the time for the left wing attachment point to connect with the second cloud cell. This is due to the distance of the second cloud away from the tip of the left wing where the outward discharged leader from the charged cloud intercepts the outward leader triggered by the aircraft extremity (the left wing tip). If the current pulse travels at one third of the speed of light basing on the values provided in [12] , then the distance from the aircraft to the stroke point (attachment point) can be easily computed. The stroke point may not be necessarily at the tip of the wing but rather some distance away where the outward leader of the cloud and the aircraft triggered leader meet. Thus, the distance to attachment point can be approximated using a return stroke speed of 1 x 10 8 m/s and the consequent time of travel. Thus, the distance is of 248 m (2.48 x 10 -6 s x 1 x 10 8 m/s = 248 m). This is indeed the distance to the stroke point some distance away from the aircraft's right wing. Further analysis of the A380 voltages shows the voltage transients reach peak of +3920 V and +652,750 V for the metallic and CFC airframe respectively. The rate of rise for the voltages are 53.1 x 10 8 V/s and 76.1 x 10 10 V/s for metallic and CFC airframes respectively. Similarly, the voltage peak derivative reaches peak derivatives of 98.87 x 10 7 V/s and 14.9 x 10 10 V/s for metallic and CFC airframes respectively. Another notable observation from the voltage derivatives of Figure 9 and Figure 10 is the high dv/dt of 98.9 x 10 11 V/s for CFC airframe and 11.55 x 10 9 observed for metallic airframe. Such a high intensity burst in voltage along the CFC airframe can give rise to rapidly changing electric fields that can induce transient currents (Cdv/dt) within the capacitive elements of the aircraft circuitries. The high intensity burst in current along the aircraft airframe can give rise to a changing magnetic fields that can induce transient voltages in aircraft electronics and avionics systems.
Other notable observations are the charge transfer is -0.556 Coulomb for metallic airframe and -0.556 for CFC airframe which are low compared to the 1.1 C of tabulated value of 95% listed in [13] . The action integral values from these simulation studies are 1.27 x 10 4 A 2 s for metallic airframe and 1.25 x 10 4 A 2 s for CFC airframe. These fall within the envelope of 50% of negative flash of the frequency of occurrence of statistically measured value of 8 x 10 4 A 2 s and modeled value of 9 x 10 4 A 2 s [4, 12] . Thus, most of the negative return stroke parameters for an aircraft between two cloud charges using the long TLM fall within the recommended median lightning parameters with measured and modeled values defined in [4, 12, 13] . Figure 4 shows an F16 military aircraft dimensions viewed from different angles of elevations and the scenario under study with an F16 fighter aircraft in between two oppositely charged cloud cells. The fuselage length of the F16 aircraft is 15.03 m and the fuselage has a circumference of about 2 m [10] . The aircraft segment RLC parameters were calculated based on its geometry, the material used in the aircraft design, and the aircraft altitude. The TLM network is simulated for a cloud-to-cloud flash initiated from the negative cloud charged of -50 MV through the aircraft fuselage to a +50 MV of another positively charged cloud cell. From the stroke point (at the right wing tip of Fig 4) , a bidirectional leader propagates from the aircraft structure linking both charged clouds through the two wing tips of the aircraft. Figure 11 through Figure 16 show the voltage and current transients as well as their derivatives over the aircraft surfaces for both the metallic and CFC airframe structures. Table 2 gives a summary of the various first return stroke current parameters for an F16 military aircraft of metallic and CFC structures.
B. The Military Aircraft and Lightning Electrodynamics
The current along the aircraft for both airframe structures reach high peaks of 58.85 kA and 61.04 kA for metallic and CFC airframes respectively. The overshoot in the current along both airframes is due to the short length of the aircraft, when compared to the A380 aircraft, thus the lower aircraft surface resistance unable to critically damp out oscillation in the current. The peak currents exceed the 50% of the statistically measured and modelled values of 30 kA and 32 kA [12] but fall within the 5 % of the modelled and measured values of 80 kA [4, 12, 13] . In the standardized ABCD current waveforms as discussed in [13] , the first return stroke current peaks are expected to be within the peak value of 200 kA. Note that the peak current of 200 kA represents a peak of severe CG stroke that rarely occurs. Both currents possess fast fronts reaching peaks within a period of 4.321 ȝs and 4.421 ȝs for metallic and CFC airframes respectively. Again the delay for the transients to appear in Fig. 11 are due to the time for the return stroke to travel to the aircraft frame [5, 6] .The transient front durations (time taken from 2 kA to peak value) is 1.044 ȝs for metallic airframe and 1.033 ȝs for CFC airframe, both falling within the 95% and 50% frequencies of the statistical tabulated values of 1.1 ȝs and 5.5 ȝs respectively [4, 12, 13] . The rate of rise from 10% to 90 % of the peak values are 70.18 x 10 9 A/s metallic airframe and 73.15 x 10 9 A/s for CFC airframe. From Table 2 , observe that the peak rate of rise from zero to peak time is 13.73 x 10 9 A/s for metallic airframe and 13.81 x 10 9 A/s for CFC airframe. From Figure 12 , observe that the current derivatives reach peak values of 90.4 x 10 9 A/s for metallic airframe and 94.32 x 10 9 A/s for CFC airframe. The values of the rate of rise and the peak rate of rise all fall within maximum statistical values of 50% of the measured and modelled values of 100 kA/ȝs [4, 12, 13] .
The current waveforms of Figure 11 indicate a delay of about 2.7 ȝs prior to the lightning attachment. The delay time is the time to the attachment point. This is the distance away from the tip of the left wing where the outward discharged leader from the charged cloud intercepts the outward leader triggered by the aircraft extremity (the left wing tip). If the current pulse travels at one third of the speed of light basing on the values provided in [12] , then the distance from the aircraft to the stroke point (attachment point) can be easily computed. The stroke point may not be necessarily at the tip of the wing but rather some distance away where the outward leader of the cloud and the aircraft triggered leader meet. Thus, the distance to attachment point can be approximated basing on speed of 1 x 10 8 m/s and time traveled. Thus, the distance is of 270 m (2.7 x 10 -6 s x 1 x 10 8 m/s = 270 m).
This is the distance to the stroke point some distance away from the aircraft. Further, the voltage transient reaches a peak of +2842 V and +3.14 x 10 5 V for metallic and CFC airframe respectively. The rate of rise for the voltages are 39.4 x 10 8 V/s and 38.67 x 10 10 V/s for metallic and CFC airframes respectively. Similarly, the main voltage peak derivative reaches peak derivatives of 72.13 x 10 7 V/s and 72.66 x 10 9 V/s for metallic and CFC airframes respectively. Further observation of the voltage derivatives of Figure 15 and Figure 16 , shows a high dv/dt of 5 x 10 11 V/s for CFC airframe compared 10 x 10 9 V/s for metallic airframe. Such a high intensity burst in voltage along the CFC airframe can give rise to a changing electric fields that can induce high transient currents (Cdv/dt) within the capacitive elements of the aircraft circuitries. The large rate of rise of voltage can result in high current (i=CdV/dt) in the capacitive elements of the aircraft electrical and avionics circuitries. Further, the large voltage time derivative can induced electric fields on the aircraft surface. The coupling of the fields can exist on the inner surface of the aircraft which can result in resistive voltage drop. The charge transfer through the F16 aircraft is -0.556 Coulomb for metallic airframe and -0.556 for CFC airframe which are low compared to the 1.1 C of tabulated value of 95% listed in [12] . The action integral modelled values observed is 1.274 x 10 4 A 2 s for metallic airframe and 1.275 x 10 4 A 2 s for CFC airframe, which fall within the envelope of 50% of negative flash of the frequency of occurrence of statistically measured value of 8 x 10 4 A 2 s and modeled value of 9 x 10 4 A 2 s [5, 12] . Thus, most of the negative return stroke parameters modelled for an aircraft between two cloud charges using the long TLM fall within the recommended median lightning parameters with measured and modeled values defined in [4, 11, 12] The first return stroke current along the CFC and metallic airframes show both reaching high current values, however for the CFC structure, the current cannot dissipate fast enough throughout the composite skin and this can have adverse effects such as penetration into the interior of the aircraft leading to voltage drops (Ldi/dt) that can result in arcing. Furthermore, the impact of the large current derivative can result in time varying magnetic field (V v to Area x dB/dt) and the rate of change of the magnetic flux density dB/dt depends on di/dt according to Maxwell's Equations [14] . The high magnetic field can couple with the aircraft avionics and electronics impairing the operations of the equipment. These parameters may be readily obtained from simulations presented in this paper, based on the transmission line model (TLM) simulation of lightning-aircraft electrodynamics, where the TLM model has been validated by comparison with laboratory test results [5] . conclusion The paper presented for the first time extensive simulation results for CC lightning flash to both a commercial (A380) and military (F16) aircraft. The electromagnetically and experimentally validated model may be extensively used to study the various situations in which the aircraft may not only subject to cloud to ground (CG) but also CC and IC flashes, where the limitations imposed by ground resistances do not exist. The high magnitudes of peak current and voltage transients -as well as subnano second changes in return stroke currents and rates of rise of currents are captured in the simulation results, which may be much importance in aircraft testing and protection of electrical and electronic systems. Further, the high voltages and its derivative along CFC airframes are capable of producing high electric fields along the aircraft surfaces which can be detrimental to the aircraft electrical and electronics systems. Thus, the results obtained can be utilized for further analysis of both direct and indirect effects of lightning on commercial and military aircraft to mitigate adverse effects of CC and intra-cloud lightning flash.
